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ABSTRACT 
 
Future climate change is expected to present challenges to flora across a wide range of ecosystems.  Using a 
simple soil water balance model and inputs from three climate models, this study assesses the future 
landscapes of Denmark using the European Vegetation Map as a reference point for natural vegetation, and 
Spring Barley as a case study for agricultural crops. Two locations were selected to be representative of climate 
and soil types of eastern and western Denmark.  DAISY model is used in conjunction with the soil water balance 
model to assess future soil dryness conditions, and temperature, precipitation and length of dry periods are 
used to compare past and future climate conditions in each of the vegetation zones. 
For all vegetation zones, climate ranges were exceeded in the future climate, with the average annual 
temperature range exceeded in all zones, and in the majority of the zones, winter temperatures were also 
exceeded.  Annual precipitation range was exceeded in several zones, and dry periods increase in both the 
western and eastern locations, this has implications for species that are susceptible to drought or reduced soil 
water conditions.  Most of the selected vegetation within each zone is likely to experience varying degrees of 
negative impacts from future climate, with some species possibly being unable to grow within the region in the 
future.  
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Introduction 
 
The future climate will present challenges across all ecosystems in Denmark, whether they are natural 
ecosystems, or agricultural landscapes. These challenges can be new invasive species and increases in pest  
populations, or a decrease in biodiversity in ecosystems affected by changes in climate, as viability of present 
species decreases.   
Biodiversity can be affected because the changes in climate which are detrimental to some species within an 
area may be beneficial to others, so the total amount of vegetation in a given area may increase, whilst the 
number of species present may decrease.  
Invasive species can be northward migration of plants and animals, either from adjoining areas or from further 
afield, as conditions in their native zones become unsuitable, they may also be species that have been 
imported via global shipping in the ballast tanks of ships, then discharged in the harbours, or species which 
have been inadvertently imported in shipping crates, or on clothing etc. They may also be escaped species, 
whether this is plants from gardens, or exotic species imported for the pet trade.  
Pest populations may increase for several reasons; the climate may become more suitable for them, for 
example, with warmer winters allowing them to stay active for a longer period each year, land use changes or 
climate changes may alter predator numbers, reducing the predation pressure on the pest, and finally, host 
species may become more susceptible as a result of stresses from climate change, allowing for the populations 
to increase. 
One aspect of the discussion surrounding future climate is conservation.  European nations have designated 
conservation and biodiversity areas under the Natura 2000 network, and further protections under the 
component parts of this network, the Habitat Directive and the Birds Directive. These European Union 
directives have been further updated in the EU 2020 Biodiversity strategy which is “Halting the loss of 
biodiversity and the degradation of ecosystem services in the EU by 2020, and restoring them in so far as 
feasible, while stepping up the EU contribution to averting global biodiversity loss”. 
With this in mind, the question arises of how current vegetation within a nation will be impacted by future 
climate change, and whether trying to conserve native vegetation which is currently present, or restore native 
vegetation which has been lost to development and degradation of ecosystems in the past is a realistic aim, or 
whether a new dynamic and adaptive policy is preferable.  
One of the problems with future climate projections is that there is always an element of uncertainty with 
models, they are not exact predictions, and this makes it difficult when assessing the viability of specific species 
within a local climate zone. By using localized climate projections, and multiple climate models, it is possible to 
find the overlap in projections, where there will be more confidence in the output for a particular projection, 
that is, if models disagree on increasing or decreasing precipitation, but agree that winter temperatures 
increase, then we can be more confident that winter temperatures will increase than on the direction of 
change of precipitation.  Localized climate projections, for small areas, allows for assessment of specific 
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locations and takes into account local variations which may differ from the overall change projected for a 
country or region. 
This study builds on the work of, among others, Skov et al (2009), who produced an outline of potential 
vegetation changes in Denmark, based on existing vegetation zones, and future climate analogue regions.  This 
study uses the same existing vegetation zones, but assesses the viability of these in the future based on the 
projections of three general circulation model (GCM) – regional climate model (RCM) models.  This study also 
uses specific climate data for two 10x10km grids in Denmark, which are broadly re presentative of the eastern 
and western climates of Denmark.   The use of these smaller, specific grids allows for the possibility of 
expanding the scope of the study to allow for site-specific vegetation assessments. 
Another question regarding future climate change impacts is one of agriculture, specifically the irrigation 
requirements in crops.  If precipitation changes under future climate, whether this be the total precipitation, or 
the distribution of the precipitation, then this would require a change in irrigation regimes, which in the case of 
a decrease in precipitation during the growing season, would lead to an increase of use of groundwater, and 
this may pose problems in areas which are already experiencing ground water depletion.  
In order to explore this question, this study incorporates a simple soil-water balance model to assess potential 
future irrigation requirements of Spring Barley in two soils and local climates in Denmark using the three 
different climate models.  The soil-water balance model developed in this study can also be used for assessing 
non-agricultural soil water conditions, so is able to be used for assessment of soil dryness in natural vegetation 
conditions. 
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Materials and Methods 
 
Locations 
The two locations selected for climate data correspond to DMI Klimagrid 10126 (Western Scenario) and 10547 
(Eastern Scenario).  Climate Grid references for these locations were obtained from DMI Technical Report 12-
10 (Scharling 2012)  
The centre of grid 10126 is at 55°10`53.63”N, 8°55`17.31”E (UTM 32U 495000mE 6115000mN), and for grid 
10547, the centre is 55°40`53.61”N, 12°6`6.17”E (UTM 32U 695000mE 6175000mN) (Scharling 2000)  
 
Figure 1: Location of climate grids 10126 (Western Scenario) and 10547 (Eastern Scenario) Image from Google Earth Pro 
 The locations that were chosen are broadly representative of conditions in each of the major regions in 
Denmark. The western scenario is in south-western Jutland, to the east of the Nationalpark Vadehavet 
(Wadden Sea National Park) and was selected as it has a more sheltered coastal climate than more northerly 
location in Jutland, whilst not being subject to the high rainfall of the more inland areas of central Jutland, 
where the moisture evaporated over the open sea falls as precipitation, and so central Jutland has the highest 
rainfall of anywhere in Denmark, up to 900mm/year.  The extreme northerly areas in Jutland are subject to 
higher winds than elsewhere in the region due to the exposure of the coastal regions to the No rth Sea. 
The soil in this area is primarily JB1 (Jordbundstype 1) which is defined as Coarse Sand, and corresponds to Map 
Colour Code 1 (MCC1) under the alternative Danish classification (Madsen 1999).  
The eastern scenario is in the north-eastern region of Sjælland, and again was selected as it is neither too far 
inland, nor on an exposed coastline.  It is also sufficiently far outside of the major urban areas to not be 
affected by any increased temperatures in and around the conurbations.  
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The soil in the eastern scenario is primarily MCC4 (JB4&5), which is Sandy clay loam, or Fine sandy clay loam.  
Full descriptions of each soil type are in Table 2 (below) 
JB Class MCC Texture Clay (>2µm) Silt (2-20µm) Fine Sand 
(20-200µm) 
Fine Sand + 
Coarse Sand 
(20-2000µm) 
1 1 Coarse Sand 0-5% 0-20% 0-50% 75-100 
5 4 Sandy Clay 
Loam 
10-15% 0-30% 0-40% 55-90% 
6 4 Fine Sandy 
Clay Loam 
10-15% 0-30% 40-90% 55-90% 
Table 1: Composition of soil types, JB Classification & Map Colour Code 
Soils 
The two soil types were chosen because they are broadly representative of the major soil types within 
Denmark, and because the composition of these two represent two different drainage and irrigation scenarios.  
Sandy soils generally require higher irrigation than clay soils due to the low percentage by mass of clay 
particles, and the higher quantity of sandy particles present.  Clay soils hold more soil water due to the smaller 
size of clay particles, which give a bigger surface area per unit volume than sandy particles.  Since soil water is 
primarily held in a film around soil particles, the increased surface area of clay particles means that that there is 
more soil water contained in a given volume of clay soil than sandy soil.  
There is a paradoxical situation with clay soil however, which can mean that despite there being more overall 
soil water content, the plant available water is not as high. 
There are three separate types of soil water; gravitational water, which is water moving down through the soil 
due to gravity.  This water is found primarily in the macropores, and in well-drained soil (for example sandy 
soil), it moves out of the root zone in 2-3 days, and is not generally available for plant use.   Gravitational water 
can cause there to be a lack of oxygen for plants whilst it is draining through the macropores, as the water 
takes up the space usually occupied by oxygen.  Capillary water is the plant available water, and this is held in 
micropores, of which there are more in clay soil than sandy soil.  This water is held in the pores by cohesion 
and adhesion, that is, the attraction of water molecules to one another, and the attraction of water molecules 
to soil particles.  The final type of soil water is hygroscopic water, this is water that is adhered tight ly to the 
surface of the soil particles, and is not available for plant uptake.  Clay soil contains a higher quantity of 
hygroscopic water than sandy soils, because there are more soil particles per unit volume in clay soil than in 
sandy soil, and the surface area per unit volume is greater in clay soils. 
Climate Models 
The three climate models selected for this study are ARPEGE-HIRHAM5, BCM2-HIRHAM5, and ECHAM5-
HIRHAM5.  ARPEGE is a climate model developed by the French national centre of Meteorological Re search 
(Déqué et al 1994), whilst HIRHAM5 is a Danish regional climate model (Christiansen & Christiansen 2007), 
BCM2 is a global climate model developed by the Bjerknes Centre for Climate Research (Otterå et al 2009) and 
ECHAM5 is a global climate model from the Max Planck Institute for Meteorology (Roeckner et al 2003).   
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These models were selected because they represent the largest variation in models for precipitation (Seaby et 
al 2013).  ARPEGE-HIRHAM5 projects a 16% decrease in precipitation in the far future, whilst ECHAM5-
HIRHAM5 project a 19% increase in precipitation for the same period. BCM2-HIRHAM5 projects a 13% increase. 
The climate scenario for all 3 models is A1B, which is a scenario in which rapid economic and population 
growth continue until mid-century and then decline, with rapid introduction of new technologies, along with a 
balanced mix of fossil fuel and renewable energy sources (IPCC 2000).   
The models selected are calculated using Distribution-based scaling, instead of the more commonly used delta-
change method.  
The traditional delta-change method takes into account differences in the mean between past and future 
climate projections, calculated on a monthly or seasonal basis, and applies the same change to the entire 
dataset, for both extreme events and normal values, it assumes that variations in future climate patterns will 
be similar to variations in current climate patterns. Advanced delta change methods (Pelt et al 2012) take into 
account the changes in extremes, but still assumes variations in the future will be similar to variations now.  
Distribution Based Scaling (DBS) is an alternative method(Yang 2010), which carries out calculations to take 
into account the correlations between temperature and precipitation (the covariance between them), and 
transforms the RCM output to match more accurately observed data for a control period.  
The advantages of using the DBS method is that the correction methods mean that the final output is less 
influenced by any systematic bias in the RCM and its GCM pairing, and so presents a climate change scenario 
“more related to actual climate changes than to model artefacts” (Yang 2010). 
Preparation of data 
After the climate data was received, the excel data was converted into a .dwf file for use with  the DAISY model 
(Abrahamsen, 2000).  DAISY was used in order to provide a realistic model of the evapotranspiration for the 
selected crops. 
Soil data for Denmark was extracted from the database used in compiling the Danish Soil Classification 
(Madsen 1992), comprising soil samples taken between 1987 and 1991 across the whole of Denmark. A filter 
was applied to select only the soil samples taken during the Kvadratnettet project, because these samples were 
taken across the whole of Denmark, whilst samples taken during other projects were more selective, and 
specific to the needs of each project.  From the filtered results, secondary filters were applied to isolate the soil 
samples which have an A horizon corresponding to map colour code 4 (MCC4), and those which have an A 
horizon of MCC1.  
Once these filters had been applied, the data was exported to Excel and soil composition in terms of grain size 
and bulk density was obtained by averaging the data for each of the horizons 0-30cm, 30-60cm and 60-90cm.  
90cm is selected as the lower limit for the soil horizons for MCC4, as this is the effective rooting depth of Spring 
Barley (Madsen 1988). For MCC1, 60cm was the lower limit. 
The soil data and the climate data was entered into DAISY and the model was run. 
A spreadsheet was created to allow for calculation of a dryness index.  The available water content (AWC) was 
calculated for each horizon using the data extracted from the soil database and the formula: 
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𝐴𝑊𝐶 = (1.76 ∗ [% 𝑜𝑟𝑔𝑎𝑛𝑖𝑐]) + (0.06 ∗ [%𝑐𝑙𝑎𝑦]) + (0.31 ∗ [%𝑠𝑖𝑙𝑡]) + (0.17 ∗ [%𝑓𝑖𝑛𝑒 𝑠𝑎𝑛𝑑]) + 2.86 after 
Madsen (1988). This gives the volume as a percentage of each horizon.  This was then converted to mm of 
water in each horizon by using the formula(300 ∗ 𝐴𝑊𝐶)/100. Finally the horizon values were summed to get 
a total for the entire depth.  
Once the AWC had been calculated, the field capacity (FC) was calculated using the formula 
(2.34 ∗ %𝑂𝑟𝑔𝑎𝑛𝑖𝑐) + (0.7 ∗ %𝐶𝑙𝑎𝑦) + (0.47 ∗ %𝑆𝑖𝑙𝑡) + (0.18 ∗ %𝐹𝑖𝑛𝑒 𝑆𝑎𝑛𝑑) + 3.68 after Madsen (1988) 
as before. 
Once these values had been obtained, the same process was followed as for the AWC.  The wilting point (WP) 
was calculated as FC – AWC. For clay soil, the values were determined to be; FC 277mm, AWC 159mm, WP 
119mm, and for sandy soil FC 110mm, AWC 78mm, WP 32mm. 
The point at which a soil water deficit value would be recorded was set at WP + 50% AWC, or 198mm (MCC4), 
and 71mm (MCC1). 
In order to calculate the soil water deficit over the growing season, a simple  water balance was calculated.  It 
was assumed that the soil water content could not exceed field capacity, and so, the model assumes that all 
soil water content above this value would either be dispersed as overland flow, or be immediately transported 
deeper into the soil.  This is a simplification of real world conditions, where drainage would occur over a 
number of days, and flow of soil water would be affected by soil pipes, macro and micropores, and root zone 
uptake.  A further assumption is that all precipitation that is not evapotranspired enters the soil and adds to 
the soil water content. In reality, part of the precipitation which reaches the soil will be surface runoff and be 
transported away. 
Within the model, net precipitation was calculated each day using Precipitation – Evapotranspiration, and this 
was added to the previous days SWC plus the previous days deficit (if any) using the following IF/THEN 
statement: 
“IF SWC + Net Precipitation + Deficit is above FC, THEN use FC value, else use SWC + Net Precipitation + Deficit” 
The deficit was calculated using another IF statement: “IF SWC is below 50%AWC+WP, THEN record value 
below 50%AWC+WP. ELSE record 0.00 as value” 
From this data, the cumulative deficit for each growing season was calculated by summing the values from the 
irrigation column in a pivot table. 
DAISY (Abrahamsen 2000) was used to calculate irrigation requirements for the same periods.  The irrigation 
function within DAISY was used for this (Section 5.3 in DAISY tutorial), and the irri gation method was set as 
30mm for 1 hour when the soil water content in the first 90cm of soil (60cm for sandy soil) falls below 198mm 
and 70.87mm for sandy soil.  These values are used as they are the WP+50% AWC values obtained in the soil 
water content calculations used above. 
The outputs from DAISY were used as a comparison for the dryness index calculated using the method 
described above.   
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Different applications of DAISY and Dryness Index 
 
A simple dryness index was created for use in this study.  This was chosen in preference to an established 
irrigation model such as DAISY because whilst DAISY is extremely accurate for describing detailed irrigation 
regimes in agriculture, it requires precise parameters to be input for each plant, as well as precise details of the 
irrigation strategy to be used. 
For overhead irrigation (as was used in this study), the quantity of water to be supplied each time irrigation is 
initiated, as well as the duration of irrigation is required (in this study, 30mm for 1 hour w as specified). Ground 
level irrigation can also be calculated in DAISY, but this requires inputs such as the soil partial pressure at which 
irrigation is to be initiated. 
The level of detailed information required for DAISY calculations means that it is le ss suitable for use with 
natural vegetation, as detailed growth parameters, annual growth patterns and soil moisture requirements 
may not be available, and adjusting DAISY for specific species required advanced knowledge of the software or 
assistance from the authors. 
In comparison, the dryness index requires only input from climate data, soil composition and rooting depth.  
DAISY has been used in this study to validate the dryness index results, and the output has been used to 
calculate future irrigation requirements for Spring Barley grown in a single crop rotation. The dryness index was 
run using evapotranspiration values from DAISY to allow for better comparison between the two models, and 
the output used to provide a general indication of future soil moisture conditions for natural vegetation. 
The dryness index can potentially be used in future studies to provide a quick assessment of soil moisture 
trends within an ecosystem, as a representative rooting depth can be used, and evapotranspiration can be 
taken directly from whichever climate model is being used, as precise evapotranspiration details are not always 
required for assessment of, for example, forest or heathland species but rather an overall impression of the 
trends.  
The output from the dryness index can then be used in conjunction with known responses of species to soil 
moisture variations to assess future conditions. 
At present, the dryness index is only in the form of an excel sheet, but, with collaboration from a researcher 
within Computer Science, it could be turned into a program into which climate data can be loaded from file, so 
the user would only have to input the soil composition, and point the program to the location of a climate data 
file. 
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Comparison with DAISY  
 
The dryness index results show a good correlation with the projected irrigation need in DAISY, although there 
remain differences which I am unable to resolve between the two outputs. These are not large differences, but, 
in some instances, the correlation between the models i s not as tight as in the majority of the modelled 
outputs. 
There are several possible reasons for these small variations; DAISY is a highly complex model, taking into 
account many soil variables,  as well as the LAI and the specific crop water usage based on physiological traits 
of the crops.  The dryness index is a very simple soil water balance model, which assumes that all precipitation 
that is not evapotranspired will be added to the soil water content.  It does not take into account overland 
flow, or any delay in filtration into the soil. 
Additionally, DAISY was set to irrigate for 30mm when the soil water content dropped below WP+50% AWC. 
This means that if the deficit was below 30mm, the irrigation would take the SWC back over WP+50%AWC.  
The dryness index only added sufficient water to bring the SWC back up to the value of WP+50%AWC, this 
means the soil water deficit values for the dryness index were in a wider range than the DAISY values, which 
could only be in multiples of 30mm. This means that there may have been over or under irrigation.  Daisy also 
uses corrected rainfall values, and calculates the deficit on an hourly basis, whereas the dryness index 
calculates deficit daily, and uses the raw rainfall values from the climate models  
There is also the possibility of errors in calculations in the dryness index, due to using excel for calculating large 
datasets, there is a risk of a calculation or copying error not being detected.  If this had occurred however, the 
variation between DAISY and a given dryness index model would have been larger than has been seen in the 
results. 
The main variances between DAISY and the dryness index occur in the western scenario, where the dryness 
index is consistently higher than DAISY irrigation values.  As this variation is consistent across all the climate 
models and time periods, with the only constant being the sandy soil composition, the variation may be due to 
some way in which DAISY handles drainage and plant water use in sandy soils, but this is beyond the scope  of 
this study. 
Given these variances, the correlation between DAISY and the dryness index is sufficiently close that I am 
confident in the outputs from the dryness index, that the outputs can be used for assessing future soil water 
conditions in Spring Barley in the given scenarios. 
Comparisons between DAISY and the dryness index can be seen in the figures below.  
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Figure 2: Eastern Scenario comparison of Dryness Index and DAISY irrigation 
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Figure 3: Western Scenario comparison of Dryness Index and DAISY irrigation 
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Results 
 
Dryness Index 
 
Measurement Model Coupling 1952-2000 2052-2100 
Percent 
Change 
Average Deficit 
(mm) Arpege-Hirham5 110 170 
 
55% 
 BCM2-Hirham5 104 100 
 
-4% 
 Echam5-Hirham5 99 59 
 
-40% 
Maximum 
Deficit (mm) Arpege-Hirham5 274 338 
 
23% 
 BCM2-Hirham5 209 230 
 
10% 
 Echam5-Hirham5 247 221 
 
-11% 
Number of 
Years with 
Deficit Arpege-Hirham5 43 49 
 
 
 
 
 BCM2-Hirham5 49 45 
 
 
 Echam5-Hirham5 47 41 
 
 
Table 2: Summary of soil deficits for each model coupling and time period for clay soil (Eastern Scenario) 
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Measurement Model Coupling Past Future Change 
Average Deficit 
(mm) Arpege-Hirham5 151 208 27% 
  BCM2-Hirham5 127 123 -3% 
  Echam5-Hirham5 114 63 -45% 
Maximum 
Deficit (mm) Arpege-Hirham5 293 366 25% 
  BCM2-Hirham5 246 240 -3% 
  Echam5-Hirham5 204 208 2% 
Number of 
Years with 
Deficit Arpege-Hirham5 49 49  
  BCM2-Hirham5 48 48  
  Echam5-Hirham5 49 46  
Table 3: Summary of deficits for sandy soil (Western scenario) 
Comparing the two scenarios, the trend in each model remains the same between the western and eastern 
locations.  Arpege-Hirham5 projects a decrease in precipitation (increase in soil water deficit), whilst BCM2-
Hirham5 projects a small increase in precipitation, and Echam5-Hirham5 projects a large increase (large 
decrease in soil water deficit).   
Whilst Echam5-Hirham5 projects a large decrease in future soil water deficit in both scenarios (40% reduction 
in the eastern scenario, and 45% in the western scenario), the western scenario projects a small (2%) increase 
in maximum deficit, whilst the eastern scenario projects an 11% decrease in the maximum deficit. This may 
indicate that whilst there is an overall increase in precipitation, there is also an increase in the inter-
precipitation periods in the western location.   
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Vegetation Ranges 
 
This section utilizes the temperature and precipitation data from the climate models to create climate ranges 
for each model output, and then uses the vegetation zones identified by Skov (2009) to assess potential future 
suitability for vegetation. 
Model (Eastern 
Scenario) 
Avg. Precipitation 
(mm/year) 
Mean Annual 
Temperature (°C) 
Avg. Temp 
Warmest Month 
(°C) 
Avg. Temp Coldest 
Month (°C) 
 Past Future Past Future Past Future Past Future 
Arpege-Hirham5 692 616 8.10 10.27 17.41 19.58 -0.24 2.54 
BCM2-Hirham5 721 810 8.11 10.46 17.02 18.38 0.21 3.22 
Echam5-Hirham5 695 891 8.32 10.22 17.37 18.29 0.17 2.73 
Table 4: Climate Averages for Eastern scenario past and far future, all three models 
 
Model(Western 
scenario) 
Avg. Precipitation 
(mm/year) 
Mean Annual 
Temperature (°C) 
Avg. Temperature 
Warmest Month 
(°C) 
Avg. Temperature 
Coldest Month (°C) 
 Past Future Past Future Past Future Past Future 
Arpege-Hirham5 791 709 8.50°C 10.47°C 17.26°C 18.29°C 0.52°C 3.02°C 
BCM2-Hirham5 828 933 8.35°C 10.50°C 16.95°C 17.96°C 0.84°C 3.6°C 
Echam5-Hirham5 829 1003 8.40°C 10.33°C 16.99°C 17.84°C 0.71°C 3.34°C 
Table 5: Climate Averages for Western scenario, past and far future climate, all three models 
Whilst there will be local variations in climate across Denmark, the ranges shown above can be taken to be 
roughly approximate for the entire country, due to the small size of Denmark, and the largest variation would 
be expected to be in precipitation.  Current conditions reflect this, with current average annual temperature 
ranging from 7.4°C in Jutland, to 8.4°C in coastal regions (DMI: http://www.dmi.dk/en/klima/klimaet-frem-til-i-
dag/danmark/temperatur/ ), whilst the precipitation range is much wider, ranging from 500mm/year in 
Bornholm and Kattegat, to 900mm in Central Jutland (DMI: http://www.dmi.dk/en/klima/klimaet-frem-til-i-
dag/danmark/nedboer-og-sol/ ) This variation is seen in the models, with the temperatures between the two 
stations showing much lower variation than the precipitation. 
Bearing in mind these limitations, a crude comparison can be made for the zonal vegetation (that is, vegetation 
which is primarily climate dependent, and not as dependent on other factors such as soil and hydrological 
conditions) which was selected by Skov et al (2009) from the European Vegetation Map (EVM) (Bohn et al 
2003). 
The EVM is a pan-European project which spanned 25 years, which aimed to map potential vegetation in 
Europe based on native flora, and climate conditions. Each vegetation zone within the map is characterized by 
specific flora, and descriptions of each zone include climate conditions, soil conditions, typical species, as well 
as typical land use within each zone. 
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A comparison will be made between the climate range of the selected zones, and projected future temperature 
ranges, to assess overall compatibility of current vegetation zones with future climate.   
Each of the zones will be assessed individually below.  
 
 
Zonal Vegetation Parameters 
All zone parameters are taken directly from the EVM, and all images are taken from the map feature included 
in the EVM, and percentage coverage is taken from Skov et al (2009). 
Modelled climate data will be taken from the relevant scenario, eastern for locations on Sjælland, and western 
scenario for locations on Jutland and Fyn. 
It should be borne in mind that the climate zones in the EVM are not definitive restrictions on the vegetation 
within each zone, but the climate ranges in which this vegetation is likely to currently found.  The aim of this 
section is to determine whether zones which currently exist within Denmark are likely to be found under the 
future conditions projected by each of the models. 
Further to the above, the zones are potential vegetation areas, as much of Denmark’s original native 
vegetation has been replaced with farmland, or cleared over the past millennia, so the zones  indicate where 
the vegetation could occur under natural conditions. 
In depth analysis of each zone will take place in the discussion section. 
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Zone E10: Northwest European coastal heaths 
 
This zone is limited to sporadic areas on the western coast of Denmark, and is defined in the EVM as “Frisian-
Danish coastal heaths”, and so climate data will be used from the western scenario. 
 
Figure 4: Area covered by Zone E10, taken from EuroVegMap 2.0.6 
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 Zone E10 Past Future 
  Model In range? Model In range? 
Avg. Annual Temp (°C) 7-8.5 Arpege Upper limit 
of range 
(8.5°C) 
Arpege No, 10.5°C 
  BCM2 High end of 
range 
(8.4°C) 
BCM2 No, 10.5°C 
  Echam5 High end of 
range 
(8.4°C) 
Echam5 No, 10.3°C 
Avg Annual Precipitation 
(mm/year) 
500-700 Arpege Outside 
Range 
(791mm) 
Arpege Marginally 
outside 
range 
(709mm) 
  BCM2 Outside of 
Range 
(828mm) 
BCM2 No (933mm) 
  Echam5 Outside of 
range 
(829mm) 
Echam5 No  (1003 
mm) 
Avg Temp warmest 
month (°C) 
14-16 Arpege Outside of 
range 
(17.3°C) 
Arpege Outside of 
range 
(18.3°C) 
  BCM2 Marginally 
outside of 
range 
(17°C) 
BCM2 Outside of 
range (18°C) 
  Echam5 Marginally 
outside of 
range 
(17°C) 
Echam5 Outside of 
range (17.9 
°C) 
Avg Temp coldest 
month (°C) 
-1 to 1 Arpege Yes (0.5°C) Arpege Outside of 
range (3.0°C) 
  BCM2 Yes (0.8°C) BCM2 No (3.6°C) 
  Echam5 Yes (0.7°C) Echam5 No (3.3°C) 
Table 6: Comparison of Zone E10 with past and future climate conditions for Western scenario 
The precipitation ranges for past climate exceed that of the zone, but this may be due to the selected Climate 
grid being a coastal location (the highest annual precipitation in Denmark is in Central Jutland). It may also 
indicate that vegetation species within this zone are potentially under stress, especially when combined with 
the temperature range results for each model. 
This zone represents 1.5% of the terrestrial area of Denmark (Skov et al 2009), and the modelled climate data 
suggests that the future climate ranges are not compatible with the current zone, primarily in the average 
annual temperature, and the average temperature of the coldest month.  This would be expected from the 
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climate data, where the largest variation is seen in the coldest month and average annual temperature, with a 
smaller variation in the warmest month.  Whether this is important with regards to zonal vegetation w ould 
depend on whether species found in this zone require winter temperatures to be below a certain level for 
vernalisation, and whether the increase in mean annual temperature would cause stress for vegetation. 
Based upon the comparisons of past and future climate, it would be expected that vegetation currently 
growing in zone E10 would need to adapt to the changing conditions, or the zonal vegetation would alter in line 
with the new conditions. 
 
Zone F: Mesophytic deciduous broad-leaved and mixed coniferous-broad-leaved forests  
Subzone F8: Species-poor acidophilus oak and mixed oak forests 
 
The subzone is specifically classified in the EVM as “Atlantic-subatlantic birch-pendunculate oak forests”  
 
 
Figure 5: Geographic distribution of zone F8, image from EMV 
As with zone E10, climate data will be used from the western scenario. 
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 Zone F8 Past Future 
  Model In range? Model In range? 
Avg. Annual Temp (°C) 7-10 Arpege Yes (8.5°C) Arpege Marginally 
outside 
range 
(10.5°C) 
  BCM2 Yes (8.4°C) BCM2 Marginally 
outside 
range 
(10.6°C) 
  Echam5 Yes (8.4°C) Echam5 Marginally 
outside 
range 
(10.3°C) 
Avg Annual Precipitation 
(mm/year) 
550-1500 Arpege Yes 
(791mm) 
Arpege Yes (709mm) 
  BCM2 Yes 
(826mm) 
BCM2 Yes (933mm) 
  Echam5 Yes 
(829mm) 
Echam5 Yes 
(1003mm) 
Avg Temp warmest 
month (°C) 
14-16 Arpege Outside of 
range 
(17.3°C) 
Arpege Outside of 
range 
(18.3°C) 
  BCM2 Marginally 
out of 
range 
(17.0°C) 
BCM2 Outside of 
range (18°C) 
  Echam5 Marginally 
out of 
range 
(17°C) 
Echam5 Outside of 
range 
(17.9°C) 
Avg Temp coldest 
month (°C) 
-2 to 4 Arpege Yes (0.5°C) Arpege Yes (3.0°C) 
  BCM2 Yes (0.8°C) BCM2 Yes (3.6°C) 
  Echam5 Yes (0.7°C) Echam5 Yes (3.34°C) 
Table 7: Comparison of past and future climate, all climate models for station #126 with Zone F8 
This zone has a wider range for temperature and precipitation than zone E10, so, as expected, the future 
climate falls more within the parameters. Not all vegetation within the zone would be able to flourish within 
the full range of temperatures and precipitation, so some of the flora may experience stress, especially those 
more sensitive to the increase in warmest month temperatures, and the reduction in cold in the winter 
months. 
This zone covers approximately 11.3% of terrestrial Denmark, so whilst the zone would not be expected to 
disappear under future climate projections, the ecosystem diversity may become altered from the present, 
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with some species unable to continue growing in the area, and new species outcompeting or migrating into the 
zone. 
Sub-zone F37: Mixed hornbeam forests 
 
The EVM specifies this subzone further as “South Scandinavian mixed hornbeam-pendunculate oak forests”. 
This zone is found in loamy-clayey soil which is mildly acidic, and without high soil water content. 
Typical species for this zone are Q.robur, Carpinus betulus, F.sylvatica, Stellaria holostea and Anemone 
hepatica. 
In Denmark, this zone is found primarily on Lolland, and on Bornholm.  
 
Figure 6: Distribution of zone F37 within Denmark (image from EVM) 
Climate data from the eastern scenario will be used for this comparison. 
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 Zone F37 Past Future 
  Model In range? Model In range? 
Avg. Annual Temp (°C) 6-8.5 Arpege Upper limits 
of range 
(8.1°C) 
Arpege No (10.3°C) 
  BCM2 Upper limits 
of range 
(8.1°C) 
BCM2 No (10.5°C) 
  Echam5 Upper limits 
of range 
(8.3°C) 
Echam5 No (10.2°C) 
Avg Annual Precipitation 
(mm/year) 
500-800 Arpege Yes 
(692mm) 
Arpege Yes (616mm) 
  BCM2 Yes 
(721mm) 
BCM2 Marginally 
outside 
range 
(810mm) 
  Echam5 Yes 
(695mm) 
Echam5 No (891mm) 
Avg Temp warmest 
month (°C) 
16-18 Arpege Yes (17.4°C) Arpege No (19.6°C) 
  BCM2 Yes (17.0°C) BCM2 Marginally 
outside 
range 
(18.4°C) 
  Echam5 Yes (17.4°C) Echam5 Marginally 
outside 
range 
(18.3°C) 
Avg Temp coldest 
month (°C) 
-2 to 0 Arpege Yes (-0.2°C) Arpege No (2.3°C) 
  BCM2 Marginally 
outside 
range 
(0.2°C) 
BCM2 No (3.2°C) 
  Echam5 Marginally 
outside 
range 
(0.2°C) 
Echam5 No (2.7°C) 
Table 8: Comparison of past and future climate from the eastern scenario with zone F37. 
Zone F37 covers approximately 1.7% of terrestrial Denmark, and the climate data indicates that under future 
climate, species within the zone that are at the upper limit of their range may find the conditions unsuitable.   
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Beech and mixed beech forests: Subzone F79: Species-poor oligotrophic to mesotrophic beech and 
mixed beech forests 
 
Specifically designated as “Southern Scandinavian Deschampsia flexuosa-(oak-) beech forests”. 
Typical large vegetation is Fagus sylvatica, Quercus robur, Q.petraea  
 
Figure 7: Distribution of Zone F79 in Denmark (image from EVM) 
As this zone is primarily in Jutland, western scenario will be used for this comparison. 
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 Zone F79 Past Future 
  Model In range? Model In range? 
Avg. Annual Temp (°C) 7.5-8.5 Arpege Upper limit 
of range 
(8.5°C) 
Arpege No (10.5°C) 
  BCM2 Upper limit 
of range 
(8.4°C) 
BCM2 No (10.5°C) 
  Echam5 Upper limit 
of range 
(8.4°C) 
Echam5 N0 (10.3°C) 
Avg Annual Precipitation 
(mm/year) 
500-1000 Arpege Yes 
(791mm) 
Arpege Yes (709mm) 
  BCM2 Yes(828mm) BCM2 Yes (933mm) 
  Echam5 Yes 
(829mm) 
Echam5 Marginally 
outside 
range 
(1003mm) 
Avg Temp warmest 
month (°C) 
16-18 Arpege Yes (17.3°C) Arpege Marginally 
outside 
range 
(18.3°C) 
  BCM2 Yes (17.0°C) BCM2 Upper limits 
of range 
(18.0°C) 
  Echam5 Yes (17.0°C) Echam5 Upper limits 
of range 
(17.9°C) 
Avg Temp coldest 
month (°C) 
-2 to 0 Arpege Marginally 
outside 
range 
(0.5°C) 
Arpege No (3.0°C) 
  BCM2 Marginally 
outside 
range 
(0.8°C) 
BCM2 No (3.6°C) 
  Echam5 Marginally 
outside 
range 
(0.7°C) 
Echam5 No (3.3°C) 
Table 9: Comparison of past and future climate conditions with zone F79 
This vegetation zone has the potential to cover 30.5% of terrestrial Denmark, and, as with zone F8, wide land 
coverage potential equates with wide climate conditions. As with previous zones, the conditions which fall 
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outside the parameters are the coldest month, and the average temperatures.  This again indicates that species 
requiring a period of cold in the winter or that have low tolerance for heat stress may struggle to remain in this 
vegetation zone, due to competition from more adaptable, or invasive species. 
 
Zone F108: South Scandinavian-north Central European Galium odoratum- and Milium effusum-
beech forests 
 
This zone ranges from the Eastern side of Jutland, across to the boundary with Sweden.  
 
Figure 8: Potential Distribution of zone F108 (image from EVM) 
Although this zone is found in Jutland, it is primarily located in Sjælland, and so the data from the eastern 
scenario will be used for this comparison. 
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 Zone F108 Past Future 
  Model In range? Model In range? 
Avg. Annual Temp (°C) 7-8.5 Arpege Yes (8.1°C) Arpege No (10.3°C) 
  BCM2 Yes (8.1°C) BCM2 No (10.5°C) 
  Echam5 Yes (8.3°C) Echam5 No (10.2°C) 
Avg Annual Precipitation 
(mm/year) 
500-800 Arpege Yes 
(692mm) 
Arpege Yes (616mm) 
  BCM2 Yes 
(721mm) 
BCM2 Marginally 
outside 
range 
(810mm) 
  Echam5 Yes 
(695mm) 
Echam5 No (891mm) 
Avg Temp warmest 
month (°C) 
16-20 Arpege Yes (17.4°C) Arpege Yes (19.6°C) 
  BCM2 Yes (17.0°C) BCM2 Yes (18.4°C) 
  Echam5 Yes (17.4°C) Echam5 Yes (18.3°C) 
Avg Temp coldest 
month (°C) 
-2 to 0 Arpege Yes (-0.2°C) Arpege  No (2.5°C) 
  BCM2 Marginally 
outside 
range 
(0.2°C) 
BCM2 No (3.2°C) 
  Echam5 Marginally 
outside 
range 
(0.2°C) 
Echam5 No (2.7°C) 
Table 10: Comparison of climate conditions using the eastern scenario with zone F108 
As with the previous zone ranges, the main variations from past to future climate occur in the average annual 
temperature and average temperature of the coldest month.   
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Discussion 
 
Dryness Index 
 
In Denmark in 2010, 12% (323,500 hectares) of the agricultural area was irrigated at least once.  The capital 
region (Hovedstaden) had the most irrigation/ha (893 m3/ha), Nordjylland had the least irrigation (555m3/ha), 
and the average for the country as a whole was 680m3/ha (http://ec.europa.eu/eurostat/statistics-
explained/index.php/Agricultural_census_in_Denmark ). 
The dryness index results can be utilized in conjunction with the EU data to estimate future changes in 
irrigation, by calculating the potential future irrigation based on the model projections. As 1mm of irrigation 
equates to 10m3/ha, or 1L/m2, the dryness index results can also be converted in the same way to m3/ha. 
The tables below show the outcomes of this. 
Area Current Future  Scenario 
Hovedstaden 893m3/ha Arpege 
(+55%) 
1384m3/ha Eastern (Clay Soil) 
BCM2        
(-4%) 
857m3/ha 
Echam5    
(-40%) 
536m3/ha 
Sjælland 698m3/ha Arpege  1081m3/ha Eastern (Clay Soil) 
BCM2         670m3/ha 
Echam5     419m3/ha 
Syddanmark 643m3/ha Arpege 
(+27%) 
817m3/ha Western (Sandy Soil) 
BCM2        
(-3%) 
623m3/ha 
Echam5    
(-45%) 
354m3/ha 
Midtjylland 725m3/ha Arpege 921m3/ha Western(Sandy Soil) 
BCM2 703m3/ha 
Echam5 399m3/ha 
Nordjylland 555m3/ha Arpege 705m3/ha Western (Sandy Soil) 
BCM2 538m3/ha 
Echam5 305m3/ha 
Table 11: Current irrigation of Danish regions, compared with projected % change in average deficit from Dryness Index calculations  
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Model Eastern Scenario (Clay Soil) Western Scenario (Sandy Soil) 
 Past Future Past Future 
Arpege-Hirham5 1100m3/ha 
(110L/m2) 
1700m3/ha 
(170L/m2) 
1510m3/ha 
(151L/m2) 
2080m3/ha 
(208L/m2) 
BCM2-Hirham5 1040m3/ha 
(104L/m2) 
1000m3/ha 
(100L/m2) 
1270m3/ha 
(127L/m2) 
1230m3/ha 
(123L/m2) 
Echam5-Hirham5 990m3/ha 
(99L/m2) 
590m3/ha 
(59L/m2) 
1140m3/ha 
(114L/m2) 
630m3/ha 
(63L/m2) 
Table 12: Dryness Index Results shown as cubic metres per hectare, and litres per square metre for sandy and clay soils  
The differences between the average annual precipitation changes for each model are not as  marked as the 
changes shown in the dryness index for average deficit.  
Model Future Change 
 Parameter Eastern 
Scenario 
Western 
Scenario 
Arpege-Hirham5 Change in Average 
Annual Precipitation 
-11% -12% 
Change in average deficit 55% 27% 
Change in maximum 
deficit 
23% 25% 
BCM2-Hirham5 Change in Average 
Annual Precipitation 
11% 13% 
Change in average deficit -4% -3% 
Change in maximum 
deficit 
10% -3% 
Echam5-Hirham5 Change in Average 
Annual Precipitation 
28% 21% 
Change in average deficit -40% -45% 
Change in maximum 
deficit 
-11% 2% 
Table 13: Changes in average annual precipitation, deficit and maximum deficit, all models and both scenarios  
For the Arpege-Hirham5 data, in the Eastern scenario, an 11% decrease in average annual precipitation 
translates to a 55% increase in the average deficit, whilst an almost identical change in precipitation in the 
western scenario leads to a 27% increase in the average deficit, whilst the increase in maximum deficit in both 
location reflects the change in precipitation, with a 23% and 25% increase in the eastern and western scenarios 
respectively.   For BCM2-Hirham5, the changes in average annual precipitation are again similar in both 
scenarios, but it is the maximum deficit which shows the widest variation, with 10% increase in the Eastern 
scenario, and a 3% decrease in the western scenario.  Echam5-Hirham5 has a similar pattern, with the largest 
variation being between the maximum deficits, with a 28% increase in eastern scenario average annual 
precipitation leading to an 11% decrease in the maximum deficit, whilst in the western scenario, a 21% 
increase in average precipitation leads to a 2% increase in the maximum deficit.  
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Although the total annual precipitation may increase under future climate, the distribution of the precipitation 
throughout the year is not consistent, and so dry periods may increase in length, even if precipitation also 
increases. 
For each of the climate models in each scenario, a frequency plot was created to compare the frequency and 
duration of periods between precipitation events in past and future climate.  
To allow for ease of reading, the graphical outputs have been placed in Appendix one, but the results are 
presented in the tables below. 
15 days was set as the duration for assessing frequency of drought events, as the commonly used definition of 
absolute drought in the United Kingdom is “15 or more consecutive days on none of which there is precipitation 
exceeding 0.2mm” 
Measurement Model Coupling 1952-2010 2052-2100 
Percent 
Change 
Average 
Duration (Days) Arpege-Hirham5 17 18 
 
6% 
 BCM2-Hirham5 12 15 
 
25% 
 Echam5-Hirham5 16 13 
 
-19% 
Maximum 
Duration(Days) Arpege-Hirham5 33 39 
 
18% 
 BCM2-Hirham5 20 25 
 
25% 
 Echam5-Hirham5 27 22 
 
-19% 
Number of 
Years with 
duration of 
over 15d Arpege-Hirham5 26 32 
 
 
 
23% 
 BCM2-Hirham5 4 16 
 
300% 
 Echam5-Hirham5 28 12 
 
-57% 
Table 14: Average and Maximum duration of inter-precipitation events for the eastern scenario, past and future, all climate models  
 
 
 
Page 30 of 44 
 
Measurement Model Coupling 1952-2010 2052-2100 
Percent 
Change 
Average 
Duration (Days) Arpege-Hirham5 17 23 
 
35% 
 BCM2-Hirham5 15 14 
 
-7% 
 Echam5-Hirham5 13 14 
 
8% 
Maximum 
Duration(Days) Arpege-Hirham5 25 51 
 
104% 
 BCM2-Hirham5 27 24 
 
-11% 
 Echam5-Hirham5 21 21 
 
 
Number of 
Years with 
duration of 
over 15d Arpege-Hirham5 28 44 
 
 
 
57% 
 BCM2-Hirham5 14 18 
 
-29% 
 Echam5-Hirham5 11 15 
 
36% 
Table 15: Duration and Frequency of inter-precipitation events Western scenario, all models and time periods 
As the Arpege-Hirham5 model for the western scenario had an extremely high number of years where there is 
a time between precipitation of 15 days or longer, a count was done of the number of years where inter-
precipitation duration exceeded 21 days, and this was 13 years in the past climate, and 26 years in the future 
climate.  21 days was chosen for this because one measure of drought is three weeks with less than one third 
of normal precipitation, so three weeks without any precipitation events would be considered a serious 
drought in Northern European climates. 
BCM2-Hirham5 indicates an increase in annual precipitation for the far future period, from 721 to 810mm for 
the eastern scenario, it also shows a 25% increase in both the average and maximum dry periods, and a 
quadrupling of the number of years with over 15 day duration of dry periods, from 4 in the past scenarios, to 
16 in the future climate. 
Arpege-Hirham5 projects a decrease in precipitation in both scenarios, of approximately 10%, but the dry 
periods increase much more in frequency and duration in the western scenario than the eastern scenario. 
As it can be difficult to see an overall trend when looking at models individually, so that  the general trend 
shown by the models can be seen, averages of the durations of dry periods were taken from all three models, 
and the results are shown below. 
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Measure Scenario Time Period Change 
Past Future 
Average Duration Eastern 15 15 0 
Western 15 17 +2d (+13%) 
Maximum Duration Eastern 27 28 +1d (+4%) 
Western 24 32 +8d  (+33%) 
Table 16: Average values for the eastern and western scenarios for dry periods, comparing past and future  
Table 16 indicates that there will be more of an increase in the duration and intensity of dry periods in the far 
future in the western scenario than the eastern, and whilst the eastern parts of Denmark use the most 
irrigation per hectare, the western parts of Denmark have a larger total agricultural area, and so would require 
more total water usage.  At present, the eastern areas of Denmark are those which are considered under water 
stress, and the past models show the eastern scenario to have longer maximum durations of dry periods than 
the western areas.  This appears to change in the future though, with both the average duration and maximum 
duration in the western areas of Denmark being longer than those in the eastern areas.  
These changes have an implication for both agriculture and natural vegetation, as drought can negatively 
impact yields for crops and increase the demand for water for irrigation, whilst in natural vegetation, drought 
can decrease the ability of species to compete in a given ecosystem, which can lead to them being displaced by 
competitors, and potentially decrease biodiversity in an ecosystem, it can also increase the risk of fires, which 
whilst beneficial for some species, are also very destructive, especially if they occur in ecosystems with already 
rare or endangered species. 
Another issue to be considered is that the recharge rate for shallow aquifers in Denmark in clay soil is 
100mm/year, and estimated to increase by 5% under future climate change (Henriksen 2013). This value was 
obtained using an A2 scenario, and implies increased annual precipitation.  Under the scenarios presented in 
this study, the BCM2-Hirham5 and Echam5-Hirham5 couplings indicate an increase in precipitation, including 
during the winter months, when there is lower evapotranspiration, and therefore increased recharge potential 
for aquifers.  The Arpege-Hirham5 model indicates a decrease in average annual precipitation for both the 
western (sandy) and eastern (clay) scenarios.  In this case, the recharge rate to aquifers would decrease.  If 
irrigation requirements increase, and recharge rates to aquifers decrease, then this would mean that decisions 
have to be taken by policy makers regarding the level of irrigation permitted, or by farmers regarding which 
crops to plant.   
Currently the eastern area of Denmark (Sjælland) extracts groundwater at a rate which exceeds the recharge 
rate (Henriksen 2008), and in 2003, the value of overexploitation was 80 million m3/year for North Sjælland and 
the greater Copenhagen area (Henriksen 2003). In 2005, the sustainable extraction rate for North Sjælland was 
12mm/year, and the abstraction rate was 39mm/year (GEUS). Under the scenarios presented in this study, if 
management practices continue as at present, then this would be expected to increase.  It should be noted 
however, that between 1980 and 2005 total drinking water consumption from suppliers decreased from 605 
million m3 to 400 million m3 (GEUS), so increased efficiency in appliances within the home, and reduction in 
leakages from the water supply may also assist in reducing the stress on the aquifers.   
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Vegetation Range  
 
Zone E10 
This zone is characterized by dune landscapes, sandy soil, and is dominated by herbs such as Calluna vulgaris 
(Heather/Hedelyng), Empetrum nigrum (Crowberry/Revling) and Erica tetralix (Crossleaved Heath/Klokkelyng), 
as well as sedges such as Carex arenaria (Sand Sedge/Sandstar) and small trees such as Salix repens (Creeping 
Willow/Krybende Pil). 
This range of vegetation is typical of primary succession in development of dunes from dune building through 
to woodland, and as such the plant communities will be replaced over time as the dune becomes more 
developed, and further from the foreshore.   
The pioneer grasses such as C.arenia are characteristic of yellow dunes, and colonize an area once the sand 
dune has been stabilized by species such as Ammophelia arenaria (Marram grass/Sand-Hjælme).  Once the 
dune has been further stabilized, sand is no longer removed by the wind, and the dune has migrated 
sufficiently far from the tideline that it is sheltered by new dunes, and a layer of hummus has built up, it 
becomes a grey dune and C.vulgaris, and E.Tetralix begin to colonize the area, further stabilizing the dune and 
increasing the quantity of hummus which is present. 
Finally, as the dune becomes ever more stable, fast growing trees such as S.repens begin to populate the area. 
C.vulgaris continues to be a common species, and as organic matter builds up over time, slower growing trees 
colonize the area, and the progression from sand to forest is complete.  
In Denmark, a typical area in this vegetation zone is Hanstholm wildlife reserve, where the aforementioned 
species are joined by another typical tree from this vegetation zone, Pinus mugo (Dwarf mountain 
pine/Bjergfyr) which was planted to prevent drifting of the dunes in the early 1900s.  This species of tree is no 
longer actively planted in these zones, as it is considered detrimental to the ecosystem as it tends to spread 
onto the dunes nearer the coast, and outcompete the vegetation in those areas, and falling needles cover the 
floor and prevent growth of vegetation.  It is considered an invasive species in Denmark (Jørgensen 2010) and a 
threat to dunes and heathlands due to the alteration of the microclimate and conditions for native biodiversity, 
and a project is underway (EU project LIFE02 NAT/DK/008584) to remove this species and restore the native 
vegetation along sand dunes in Jutland (area covered by zone E10).  The EVM also lists P.mugo as a threat to 
Zone E10. 
A study conducted by (Ransijn 2014) indicates that C.vulgaris may be outcompeted within its habitat by other 
species under changing climate conditions, especially following disturbance events such as droughts. The study 
found that C.vulgaris does not make adaptations to photosynthetic activity or biomass in response to changing 
climate conditions, but despite this lack of flexibility, it is able to outcompete potential competitive species 
such as Deschampsia flexuosa (Wavy hair-grass/Bølget Bunke), unless it is placed under additional stress such 
as drought or human disturbance (tourism etc).   In the regeneration phase following disturbance, C.vulgaris 
was outcompeted by D.flexuosa, and this poses a potential change in ecosystem under future climate change 
from a heathland to one dominated by grasses if length and intensity of dry periods increases. 
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One way in which policy could be adapted to minimise disturbances is to reduce the amount of foot -traffic and 
grazing on heathlands. 
Zone F8 
This zone is found most commonly in Denmark in the west of Jutland, in acidic sandy so ils. A typical location 
within Denmark is found in Viborg Naturpark, such as Bruunshåb skov.  The zone is characterised by tree 
species such as Quercus robur (English Oak/Almindelig Eg), Betula pendula (Silver Birch/Vorte Birk), Populus 
tremula (Aspen/Bævre Asp) as well as ferns such as Dryopteris carthusiana (Narrow Buckler Fern/Smalbladet 
Mangeløv). Other frequently found species in this zone are Fagus sylvatica (Common Beech/Almindelig Bøg), 
Quercus petraea (Sessile Oak/Vinter Eg) 
The species in this zone have a wide native range, with Q.robur being found throughout Europe from Spain to 
Norway, and as such are less vulnerable to climate variations.  
However, this does not mean that they are unaffected by changes in climate. One change which has already 
been noted is the earlier leafing of Q.robur in response to rising temperatures (Cannell 1999), this species has 
been noted to begin leafing several weeks earlier than in the 1950s. 
A study in France carried out using tree ring analysis to assess the response of trees to climatic variations 
(Michelot 2012) found that growth in F.sylvatica and Q.petraea is positively correlated with precipitation from 
May-July (that is, increase in precipitation during this period leads to increased growth), and that Q.petraea has 
a positive correlation with precipitation in the previous autumn. They suggest that the correlation with the 
climate of the previous autumn may be due to the storage reserves built up during this period for the spring 
growth of the following year, and so if the climate is unfavourable during this period, fewer resources are 
stored. The study also found that both F.sylvatica and Q.petraea were susceptible to soil water deficits in the 
growing season.   
Whilst it is unlikely that the trees mentioned would be unable to grow in Denmark, a changing climate, 
combined with their location in sandy soils, which are less efficient at retaining soil water than clay soils, could 
lead to reduced annual growth compared to today. 
A German study (Scharnweber 2011) looked at the impact of drought on Q.robur and F.sylvatica, and found 
similar results to the French study, in that precipitation during the summer is the main climatic factor in 
growth, with temperature playing a more minor role.  It was additionally found that the beech trees in the 
study area exhibited more negative pointer years recently than the oak trees (pointer years are years in which 
a significant number of trees exhibit the same growth trend).  This indicates that beech trees have been having 
more years recently with reduced growth than the oak trees. They concluded that beech trees are more likely 
to be negatively impacted by future climate trends, and that oak can potentially outcompete it in areas where 
beech is not already adapted to more extreme conditions. 
In relation to this study, the location of this vegetation zone is in sandy soil in Denmark, the beech trees already 
growing there may already be adapted to dried conditions, and so may be better able to cope with future 
changes than trees in wetter conditions in Denmark. 
It may be of interest to carry out a dendroecological study within this zone to compare past growth rings 
between species, and to assess future suitability of these species within the zone. This would be of particular 
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interest to woodland management in replacing invasive Pinus.sp species as mentioned in Zone E10, or in 
replanting woodlands as part of rewilding and restoration projects.  
 
Zone F37 
The location of this zone in Denmark is along the south-western edge of the island of Sjælland, in the region 
known as Lolland-Falster, as well as the island of Bornholm. An area within the mainland section of this zone is 
the planned Naturpark Guldborgsund in Lolland. 
Many of the trees within this zone are similar to zone F8, but a species of interest which is not present in that 
zone is Carpinus betulus (European Hornbeam/Almindelig Avnbøg).  C.betulus has been increasing in recent 
years in Denmark and it appears that the increase will continue under future climate projections, possibly at 
the cost of outcompeting F.sylvatica (Jensen 2004). 
A herbaceous plant found within this zone is Anemone nemorosa (Wood anemone/Hvid anemone).  This plant 
is widespread across central and northern Europe.  A.nemorosa is relatively well studied in its natural habitat, 
and so a number of studies were able to be consulted regarding climate change and habitats.  
Whilst reading a literature review of A.nemorosa responses to environmental change (Baeten 2010), it became 
clear that one of the problems when studying natural vegetation, and ecology in general, is that the conditions 
for a given plant depend very much on its location, that is, the responses observed in one location are not 
necessarily applicable to the same species in a different location. Some of the variations are outlined below. 
In the United Kingdom, it was found that there is a negative correlation between flowering date, and mean 
spring temperature (Sparks 2002), that is, an increase in spring temperature results in an earlier (‘decrease’) 
flowering date, whilst a study in Sweden (Tyler 2001) found that there was no correlation between 
temperature and flowering date.  Within Sparks (2002), there are different results for the rate of change, 
historical data shows a 1°C change leads to flowering 7 days earlier, whilst national data indicates 4 days per °C 
of warming.  This could indicate either regional variations in the response to temperature, or that other factors 
are also influencing the flowering date. This could be, for example, soil moisture,  which would be influenced 
both by temperature and local soil and hydrological conditions. 
One reason for the differences between Sparks (2002) and Tyler (2001) could be in the quantity of data in each 
study, as the UK study used 154 years of data, whilst the Swedish study was carried out over twelve years.  
Tyler (2001) did find however, that the winter precipitation was negatively correlated with flowering of 
A.nemorosa so, if future climate changes lead to an increase in winter precipitation, this would lead to a 
reduction in the quantity of flowers produced.  Tyler’s study is of interest to this vegetation zone as it was 
carried out in a C.betulus forest. 
The dryness index used for spring barley calculations in this study indicate the potential for a red uction in soil 
water content in some areas, and the climate models indicate an increase in the length or frequency of dry 
periods, which has an impact on soil water. Lameire (2000) found that A.nemorosa is positively correlated with 
soil moisture, and groundwater tables, that is, a reduction in the soil moisture, and/or groundwater table’s 
results in a reduction in groundcover of A.nemorosa.   If increased levels of irrigation for agriculture, or 
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increased use of groundwater occurs due to locally increasing residential populations or industrial activity, then 
at a local level, the numbers of A.nemorosa within a forest may decline. 
As this vegetation zone occurs within Denmark in an area characterized by high levels of agriculture, including 
crops such as wheat, sugar beets and oilseed rape, then future irrigation needs of these crops can impact upon 
the groundwater levels in the area, which may negatively affect the natural vegetation in the area.  
 
Zone F79 
This zone in Denmark occurs primarily in Jutland, with a smaller area in the north of Sjælland.  These areas 
experience a wide range of local climate variations, from the coastal climates on the western and northern 
edges of Jutland, to the inland climates of central Jutland. The soils present in these areas ranges from sandy 
on the north Jutland coasts, through to loamy in Sjælland.  The potential land coverage of this zone is 30.5% 
(Skov, 2009) so the plants within these areas are adapted to a variety of conditions and thus may be less 
vulnerable to future changes. 
Dominant tree species within this zone have mostly been discussed previously, and include F.sylvatica, Q.robur 
and Q.robur (discussed under Zone F8), one which has not been covered previously is Picea abies (Norway 
Spruce/Rødgran).  Larsen (2010) assessed the vulnerabilities of Danish tree species as part of an EU wide 
assessment of expected changes within forestry, which ran from 2008-2012 
(http://www.cost.eu/COST_Actions/fps/Actions/FP0703 ) 
The table from this report is partially reproduced below, with the trees selected that are of particular relevance 
to this study. 
Each of the changes is assessed as either positive or negative, with the number of + or – indicate the level of 
positive or negative change expected.   
Species Temperature Precipitation Storm Pests Adaptability Total 
Beech/Bøg  - - -  --- 
Oak/Eg + - - -  -- 
Ash/Ask  - - -  --- 
Hornbeam/Avnbøg + - - -  -- 
Birch/Birk  - - -  -- 
Norway Spruce/Rødgran --- --- --- --  ----------- 
Table 17:Level of expected negative or positive effect of expected climate change on selected common Danish trees.  Reproduced from 
Larsen (2010) 
As can be seen in table 17, all the species are expected to experience negative impacts from climate change, 
but Norway Spruce (P.abies) is particularly affected.  P.abies is the most common species in Denmark, 
comprising 16% of the total trees present, compared with F.sylvatica at 14% (Larsen 2014), although this has 
decreased from 17% in 2008, while F.sylvatica has increased from 13% (Larsen 2009).   
P.abies has been observed to be in decline across Europe (Mauer 2008, Hentschel 2014, Solberg 2004) and 
whilst the exact cause has not yet been found, it appears to be multifactorial, with climate changes inducing 
stress within the trees, which then leaves them more susceptible to attacks by pests, for example the Eurasian 
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Spruce Bark Beetle (Ips Typographus) although the same study found that drought stress only increases 
susceptibility to a point, when there are extreme drought conditions, host acceptance of the pest was reduced 
(Netherer 2015) although it was not established whether this was a response from the tree, or a selection 
choice of the prey, where they do not attack trees which are extremely damaged by drought.  Climate change 
has also been directly implicated, with Solberg (2004) finding that “Unusually dry and warm summers were 
followed by increases in defoliation, yellowing….and mortality”, and Hentschel (2014) concluding that “The 
cause of a high   sensitivity toward reoccurring drought events is most likely a combination of anatomical and 
physiological traits that support a water spending behavior.” Engvild (2005) suggests that warm winters may be 
the cause of a phenomenon known as “Red decline”, where current year needles turn red, although the exact 
cause of this is not yet known. 
 
Zone F108 
 
Within Denmark, this zone covers much of Sjælland, Fyn, and the eastern edge of Jutland.  It represents 47.5% 
of the terrestrial area in Denmark (Skov 2009), and therefore the flora within the zone would be expected to be 
more adaptable to various climates than those found in smaller zones. 
The majority of the key species within this zone have been covered under previous sect ions in this discussion, 
so the focus of the discussion for zone F108 will be on Fraxinus excelsior (European Ash/Almindelig Ask). 
This tree has been affected in recent years by a fungus, Hymenoscyphus pseudoalbidus which causes a disease 
known as ash dieback.  Since the early 1990s, this has spread across Europe, and now affects up to 90% of 
F.excelsior in Denmark (http://naturstyrelsen.dk/media/nst/Attachments/Notatomasketopttrre.pdf) 
Whilst the precise impact of climate change on this disease is still being investigated, trees which are subject to 
stress could be more susceptible to ash dieback disease, and Larsen (2010) indicates that ash will be 
moderately negatively impacted by future climate, and if this is correct, then the remaining trees may be more 
vulnerable to infection by the fungus. 
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Conclusion 
 
The aim of this study was to assess the distribution of future vegetation under projected climate change, and to  
analyse differences between the projections of three different climate models in relation to selected local 
climates. 
The dryness index used in this study indicates a change in soil water conditions for the period 2051-2100, 
which are not always in proportional to, nor in the same direction as the precipitation changes projected by the 
models. Further investigation of the climate models indicates that this is due to changes in precipitation 
patterns, specifically the length and frequency of dry periods.   
Precipitation appears to be a more important variable than temperature for many of the key species looked at 
in this study, with temperature affecting the flowering date, or being correlated with growth for a few species. 
Whilst the models are in agreement regarding temperature, there is a variation in precipitation between the 
models for the far future.  This introduces a level of uncertainty into any of the conclusions in this study, 
although, this could be resolved by expanding the study to include additi onal models.  These variations in 
precipitation were expected, because the models were selected for their variation in precipitation, with 
Echam5-Hirham5 having the largest far future increase in precipitation, and Arpege-Hirham5 having the largest 
decrease in the period 2051-2100.   
The results of this study indicate that the overall impact of future climate change will be negative, and previous 
studies have indicated similar results, although some species may experience beneficial impacts from, for 
example, warmer winters and an extended growing season. Warmer winters may have negative effects though, 
if plants flower earlier, and then a cold snap occurs, the flowers and the plants may be killed off, and some 
plants require a period of cold in the winter in order to induce flowering the next year.  
The gains from warmer winters and extended growing seasons may be offset by prolonged dry periods, 
increased frequency of intense rainfall, and reduction in soil moisture.  
Within a given ecosystem, different species will respond differently to the changing climate, and those that are 
better able to respond will gain a competitive advantage, perhaps allowing them to replace other species in the 
ecosystem, reducing the biodiversity of the area (Q.robur out competing F.sylvatica for example). 
In the case of P.abies, and other species which are at the southern limit of their range, may be unable to 
survive changes in climate, and so will decrease and may eventually disappear from these ecosystems. 
Bradshaw et al (2000) conclude that due to future climate projections “Plantations of Picea monocultures in 
southern Scandinavia during the foreseeable future cannot be advised”, and that “It would be more prudent to 
plant trees that are more centrally placed within their climatic range”. 
Vegetation which currently exists within narrow climate zones, or that currently only cover a small percentage 
of Denmark are more likely to be impacted than vegetation which covers a wide area.  Whilst there may be 
benefits for vegetation zones currently at the northern limit of their range, allowing them to spread outside 
their current areas, vegetation which already grows in a wide variety of location is likely to be already adapted 
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to a range of climates, soils and water conditions and is l ikely to be able to adapt to future changes more 
readily than those which exist in more restricted climatic and environmental ranges. 
With regard to agricultural crops, whilst the overall soil water deficit may decrease (although Arpege-Hirham5 
indicates a large increase in soil dryness when used with the dryness index), all models indicate either an 
increase in frequency or duration of dry periods in at least one of the scenarios (Tables 13-15).  Additionally, 
when averages of the average duration and maximum duration of dry periods are taken from the three models, 
both scenarios indicate an increase in maximum duration.  There appears to be a shift from the longest 
droughts occurring in the east to them occurring in the west under future climate, and this can have 
implications for water resources in the west, which are currently not under stress, but may be under future 
climate. 
The use of 10x10km grids for assessing climate in this study allowed for different sites to be investigated 
individually, and to take into account local variations in climate.  This allows for expansion of this study to other 
sites of interest in Denmark, whether they be sites of special scientific interest, areas which contain 
endangered species, or areas which are under consideration for restoration and conservation purposes. Using 
available climate data in conjunction with the dryness index that was developed for this study allows for more 
variables to be assessed at each site. 
The dryness index allowed for a simple soil water balance to be calculated for each scenario, and whilst it was 
used primarily for Spring Barley in this study, it is able to be used for natural vegetation, by utilising the 
evapotranspiration values in the climate data.  Further development and refinement of the index would 
improve its ease of use, and ensure that errors do not occur when importing the climate data, which is one of 
the main sources of errors within it at present.  The index itself is a large excel spreadsheet, and requires 
copying and pasting of data from climate data, and insertion of rows to allow for calculations.  This introduces a 
source of error in that it is easy to incorrectly paste source climate data into a sheet, and once errors are 
introduced they can be difficult to track and correct.  Developing the dryness index further would remove this 
potential source of errors in the data.  In this study, DAISY was used both for validating the output, and for 
assessing whether there had been any errors in transcribing from the climate data to the dryness index. 
One way in which this study could be developed further could be in investigating Natura 2000 and suggested 
restoration sites using the closest DMI climate grid to each site, and obtaining the climate data for those sites, 
then running a similar assessment on each site with the species present there, to assess future viability of the 
species present there and future soil conditions. This would be done in a similar manner way to this study, by 
comparing the projected future climate with known requirements for species, both those species present in 
the area today, and those which may potentially be able to inhabit the area in the future.  
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Appendix One 
 
 
Figure 9: Comparison of past and future duration and frequency of dry periods using Arpege-Hirham5 and eastern scenario 
 
Figure 10: Comparison of past and future duration and frequency of dry periods using BCM2-Hirham5 and eastern scenario 
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Figure 11: Comparison of past and future duration and frequency of dry periods using Echam-Hirham5 and eastern scenario 
 
Figure 12: Comparison of past and future duration and frequency of dry periods using Arpege-Hirham5 and western scenario 
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Figure 13: Comparison of past and future duration and frequency of dry periods using BCM2-Hirham5 and western scenario 
 
 
Figure 14: Comparison of past and future duration and frequency of dry periods using Echam5-Hirham5 and western scenario 
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